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ABSTRACT
Magnetic iron oxide (Fe3O4) nanoparticles, iron oxide chitosan (Fe3O4-CS) 
and iron oxide alginate (Fe3O4-AT) nanocomposite beads were synthe-
sised using green synthesis method. They were used as both adsorbents 
for the adsorption of methyl orange (MO) dye from the wastewater and 
heterogeneous catalysts for the catalytic wet peroxidation (CWPO) of 
MO. While the dye removal was successfully performed with Fe3O4NPs, 
Fe3O4-CS and Fe3O4-AT in both adsorption studies and CWPO, the high-
est removal efficiency (99%) in the shortest time (8 min for adsorption, 
20 min for CPWO) was obtained with Fe3O4-CS for MO removal. The 
adsorption experiments were performed with the batch techniques at 
different contact time, pH, initial dye concentration, temperature, 
amount of adsorbent and foreign ion effect parameters by Fe3O4-CS 
adsorbent. The equilibrium was quickly reached after 30 min at pH 3 and 
298 K. Fitting equilibrium data to Langmuir, Temkin and Freundlich 
isotherms showed that Langmuir model was more suitable to describe 
MO adsorption with a maximum monolayer adsorption capacity of 132  
mg/g at 298 K. The Experimental data were analysed using intra particle 
diffusion, pseudo-first-order and pseudo-second-order kinetic models 
and it was found that the adsorption kinetics followed a pseudo-second- 
order equation. Based on thermodynamic studies, adsorption process 
occurred as spontaneous and exothermic. The effects of the amount of 
catalyst, pH, temperature and H2O2 concentration were investigated to 
determine their catalytic activities for the decomposition of MO with 
CWPO technique. The reusability of Fe3O4-CS for both adsorption and 
CWPO techniques for MO removal was performed, and the adsorption 
and oxidation efficiency was found to be 97%. Moreover, the reaction 
kinetics was also investigated and the oxidation reaction was in good 
agreement with the pseudo-first order kinetic model. The activation 
energy (Ea) of the reaction was found to be 10.72 kJ/mol.
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1. Introduction

When the material size is reduced to the nanometre level, the changes in the interactions 
of the particles with each other and in the surface properties cause the emergence of new 
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and superior properties in the structure which makes nano-structured materials increas-
ingly used in the biotechnological, biomedical, optical and electronic applications [1–3]. In 
recent years, nanoparticles with magnetic properties have gained an important place 
among the nano-structured materials on which researches have focused on their use in 
the biotechnological and biomedical applications. The synthesis of magnetic nanoparti-
cles can be done by many methods, such as co-precipitation [4–6], thermal cracking [7,8], 
hydrothermal synthesis [9,10], microemulsion [11] and green synthesis [12,13]. In this 
study, magnetic iron oxide (Fe3O4) nanoparticles were synthesised using an endemic 
plant, Lathyrus brachypterus, extract with a fast, economical, harmless to human health 
and environmentally friendly green synthesis method. This plant extract used as both 
reduction and stabilising agent for the synthesis of Fe3O4NPs. Dangerous and carcino-
genic pollutants increasing as a result of developing industrialisation and rapid growth of 
existing production capacity cause widespread environmental pollution [14]. Many pol-
lutants mix with many sources, such as air, water and soil. The dyeing process is an 
important step in the textile production and since dyes are used in many stages during 
the textile production, textile wastewater also contains a significant amount of these 
substances. Methyl Orange (MO) is an azo dyestuff; it is widely used in the textile, printing, 
paper, food and pharmaceutical industries and research laboratories, and its removal from 
water samples is extremely important due to its toxicity [15]. Azo dyes are xenobiotic 
compounds that are electron deficient due to the azo linkage (–N=N) and in many cases 
they have sulphonic (SO3-) or other electron withdrawing groups that produce electron 
deficiencies and make the dye less susceptible to degradation by microorganisms. Among 
all dye types, azo dyes are the most commonly used dye in the worldwide with 
a production rate of 70% [16–19]. Azo dyes are harmful to living organisms as they are 
toxic and/or mutagenic. The presence of these dyes in the aquatic ecosystem causes the 
serious environmental and health problems [20]. When the dyestuffs are released into the 
environment after use, the waste materials that are mixed with the groundwater and 
prevent the use of drinking water and pose a threat to the ecosystem. Paint wastes tend 
to form a visible layer on the water surface due to their lower density than water, thus 
increasing turbidity. As a result, it prevents the entry of sunlight and respiration, which are 
needed by living things under water for photosynthesis and similar processes. The quality 
of the water gradually decreases, becoming a breeding ground for bacteria and viruses 
[21]. Chemicals found in paint waste discharged into water sources can evaporate into the 
environment and may cause shortness of breath or breathing problems upon inhalation. 
Moreover, dyes are also carcinogenic substances. As a result, water resources with paint 
waste pose a threat to all living things in its daily use or consumption. Therefore, 
treatment of wastewater from harmful dye waste is important to prevent their devastat-
ing effects on animals and humans [17]. An important application of magnetic nanopar-
ticles is the removal of pollutants, such as heavy metals and dyes in aqueous media by 
adsorption [22,23]. In this study, the magnetic iron oxide (Fe3O4) nanoparticles were 
synthesized using endemic Lathyrus brachypterus plant extract with the green synthesis 
method and the magnetic iron oxide chitosan (Fe3O4-CS) and iron oxide alginate (Fe3O4- 
AT) nanocomposite functional beads were also synthesized using chitosan and alginate 
natural polymers. The kinetic and thermodynamic studies were carried out by using them 
in both MO adsorption and oxidation with CWPO technique. The synthesised nanoparti-
cles and nanocomposites could be easily dispersed in the environment in which they 
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were applied and collected quickly with the help of a magnet in both adsorption and 
CWPO applications.

2. Experimental

2.1. Chemicals

Iron (II) sulphate heptahydrate (FeSO4.7 H2O), iron (III) chloride hexahydrate (FeCl3.6 H2O) 
hydrogen peroxide (H2O2), sodium hydroxide (NaOH) and chitosan were received from 
Sigma-Aldrich. Acetic acid (CH3COOH), methyl orange (C14H14N3NaO3S) and sodium 
alginate (C6H7O6Na) were received from Merck. Calcium chloride (CaCl2) was received 
from Fluka. All solutions in the experimental studies were prepared with high-purity water 
(18 MΩ.cm) obtained from PURIS pure water system (PURIS, Expe-UP Series). All of the 
materials were in analytical reagent grade and utilised as received without any 
purification.

2.2. Instrumentation

The chemical and morphological characterisations for the nanoparticles were realised by 
Shimadzu UV-1800 (UV-Vis), Perkin Elmer Frontier model FT-IR, Bruker D8 Advance model 
X-ray diffraction (×RD) with a Cu Kα radiation source in 2θ range from 10° to 90°, TEM- 
120kV Transmission Electron Microscope (TEM) and Carl Zeiss EVO-LS 10 Scanning 
Electron Microscope (SEM), respectively. Common drift method [24] was used to deter-
mine the pH (pHpzc) of nanoparticles and nanocomposites at the zero charge point. For 
this, 50 mL of 0.01 M NaCl solution was placed in a closed Erlenmeyer flask. The pH value 
was adjusted to a value between 2.0 and 12.0 by adding 0.1 M HCl or 0.1 M NaOH 
solutions. Then 0.05 g of each nanoparticle/nanocomposite was added and the final pH 
was measured using the pH metre (Thermo Scientific, Orion 3 Star) after 24 h under 
shaking at room temperature. The intersection point between the initial pH and final pH 
values was determined as pHpzc.

2.3. Preparation of adsorbent and catalyst

2.3.1. Synthesis of Fe3O4NPs
One gram of Lathyrus brachypterus plant was gauged and mixed with 50 mL of distiled 
water. The mixture was stirred continuously at 25°C for 5 h and solid phase was separated 
with a filter paper to obtain Lathyrus brachypterus extract [25]. To synthesise Fe3O4NPs, 
100 mL aqueous solution including 0.56 g FeSO4.7 H2O and 0.81 g FeCl3.6 H2O was pre-
pared and then 10 mL of the plant extract was added to the above prepared solution. 
Then, it was mixed at room temperature for 30 min at 500 rpm with a magnetic stirrer and 
left to settle. The synthesised Fe3O4NPs were separated with a magnet and washed 3 
times with distiled water and dried in an oven.

2.3.2. Synthesis of Fe3O4-CS
0.50 g of chitosan was mixed with 50 mL of 1% acetic acid until a homogeneous mixture 
was obtained. Then, 0.40 g of the synthesised magnetic Fe3O4NPs was added to this 
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mixture and dropped into 100 mL of 1 M NaOH solution with a dropper to form Fe3O4-CS 
beads. The formed beads were kept in NaOH for 12 h, washed with distiled water. At the 
end of the period, half of them were kept in distiled water at 4°C, and the other half was 
dried in an oven at 50°C to compare their adsorption effects separately.

2.3.3. Synthesis of Fe3O4-AT
0.60 g of sodium alginate was mixed with 50 mL of distiled water until a homogeneous 
solution was formed. 0.50 g Fe3O4NPs was added to the prepared mixture and sonicated 
for 30 min. Then, Fe3O4-AT beads were formed by dropping the obtained homogeneous 
solution into 2% of CaCl2 solution. The obtained beads were washed with distiled water 
and stored into distiled water at 4°C.

2.4. Adsorption studies

The removal of MO from wastewater by adsorption on magnetic nanoparticles (Fe3O4NPs, 
Fe3O4-CS and Fe3O4-AT) using the batch adsorption method was investigated. For this, 
a stock solution of 1000 mg/L MO was prepared. Then, this solution was diluted to prepare 
all other MO standard solutions. In adsorption experiments, 50 mg adsorbent was con-
tacted with 50 mL 25 mg/L MO solution in a 100 mL beaker. Afterwards, the concentration 
of them remaining without being adsorbed in the solution was determined by measuring 
the absorbances at 465 nm, which is the maximum absorbance wavelength of MO with 
a UV–vis spectrophotometer. According to experimental results, it was seen that the most 
suitable adsorbent was found to be Fe3O4-CS nanocomposite which adsorbed 99% of MO 
in 8 min, and optimisation studies were carried out with these magnetic nanocomposite 
beads. In order to provide the highest removal of MO adsorption on Fe3O4-CS, in the batch 
system, the effects of initial dye concentration, contact time, pH, temperature, amount of 
adsorbent and salt concentration on the adsorption capacity were investigated in detail. For 
pH adjustments, 0.1 M HCl and 0.1 M NaOH solutions were prepared and small volumes (1– 
2 drops) were used from these solutions. The total volume added to achieve the desired pH 
was also taken into account for calculating the initial concentration. All samples were mixed 
at 250 rpm. Adsorption kinetic studies were performed at 298 K for 2–60 min. Adsorption 
isotherm experiments were also performed at different temperatures (298, 313 and 328 K) 
for 60 min with initial concentrations ranged from 2.5 to 200 mg/L MO. Thermodynamic 
parameters for the adsorption reactions were also determined.

2.5. Catalytic wet peroxidation of methyl orange by H2O2 experiments

A stock solution of 100 mg/L MO was prepared. Then, this solution was diluted and 
a calibration plot was drawn by preparing MO standard solutions at 2, 4, 6, 8 and 10  
mg/L concentrations. For CWPO experiments, 100 mL of MO solution at a concentration of 
25 mg/L was mixed in a magnetic stirrer at 250 rpm. Oxidation experiments were carried 
out at pH = 5 at room temperature. The catalytic process was started by adding 3 mL of 
freshly prepared 30% of H2O2 and then 0.10 g of magnetic nanoparticle/nanocomposite 
catalyst was added to the solution and mixed for 30 min. Two millilitres of sample was 
taken at regular intervals, separated from the catalyst by magnet, and 2 mL of distiled 
water was added to it and UV-Vis. measurement was taken. The effects of the amount of 
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catalyst, pH, temperature and H2O2 concentration were investigated in order to deter-
mine their catalytic activities on the decomposition of MO with CWPO technique and both 
the reusability of the catalysts and the reaction kinetics were also investigated.

3. Results and discussion

3.1. Characterization

The Fe3O4NPs was characterised by UV-Vis., FT-IR, XRD, SEM-EDX and TEM. The UV−Vis 
spectroscopy is a generally used practice to determine the different metal nanoparticles 
[26]. Synthesis of Fe3O4NPs using endemic plant extract was first decided with the 
colour changes that a light green colour of watery solution gradually changed to 
black colour. Secondly, it was observed that the synthesised magnetic nanoparticles 
were attracted by the magnet from the aqueous solution and the characteristic peak of 
Fe3O4NPs was observed at 290 nm in the UV-Vis spectrometer (Figure 1). The pHPZC 

values of Fe3O4NPs, Fe3O4-CS and Fe3O4-AT were found to be 6.47, 5.18 and 5.65, 
respectively (Figure 7(c)). The studies were carried out at pH 3, which is below the pzc 
value for all adsorbents.

FTIR spectra of Fe3O4NPs, CS, Fe3O4-CS and Fe3O4NPs, AT, Fe3O4-AT are comparatively 
given in Figures 2(a) 2 2(b), respectively. The characteristic peak was seen at 555 cm−1 in 
FT-IR spectra of all synthesised nanoparticles and nanocomposites. In the literature, it was 
explained that the absorption bands of Fe3O4 nanoparticles in FTIR spectrum are able to 
be observed in between 550 and 1650 cm−1 because of flexural vibrations of the Fe – 
O group [29–31]. The peak seen at 3365 cm−1 in the FT-IR spectrum of Fe3O4-CS belongs 
to the -NH or -OH asymmetric vibration of chitosan. The width of this peak is due to the 
presence of hydrogen bonding in the nanocomposite. An H bond is formed by connect-
ing the -NH or -OH group of pure chitosan to the -OH group of acetic acid [32]. Apart from 
these, the stretching vibration of C=O at 1732 cm−1, the C-O-C bonds of the 

Figure 1 UV–vis spectra of Fe3O4NPs (conditions: plant extract volume 10 mL, 0.56 g FeSO4.7H2O, 0.81 
g FeCl3.6H2O, 25◦C).
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polysaccharide skeleton at 1028 cm−1 and the characteristic peaks of β-1,4-glycosidic 
bond at 1153 and 895 cm−1 show that chitosan is present in the structure [33]. 
Furthermore, 3313 cm−1 O-H stresses, asymmetric and symmetrical stresses due to – 
COO at 1595 and 1417 cm−1, -O-C-O- stretches of ether groups at 900–1200 cm−1 and – 
C-O- stretches seen in the FT-IR spectrum of Fe3O4-AT indicate that alginate is present in 
the structure [34–36].

The X-ray diffraction patterns of Fe3O4NPs, Fe3O4-CS and Fe3O4-AT magnetic nanopar-
ticles are shown in Figure 2(c). In the XRD pattern of Fe3O4NPs, six peaks belonging to the 
crystal structures (220), (311), (400), (422), (511) and (440) were observed corresponding to 
the angle values of 2θ = 30.18º, 35.47º, 43.30º, 53.42º, 57.18º and 62.70º (JCPDS 65–3107), 
respectively. The particle size of a sample studied by XRD can be calculated using the half- 
width of the most intense peak in the diffraction pattern [37]. The crystal size of Fe3O4NPs 
was calculated to be 11.02 nm from the Debye-Scherrer equation (Equation 1) using the 
peak intensity observed at 2θ = 35.47º in the diffraction pattern of these nanoparticles. Six 
peaks detected in the XRD pattern of Fe3O4NPs were also detected in the diffraction 
pattern of Fe3O4-CS and Fe3O4-AT nanocomposites. The XRD of Fe3O4-CS showed a broad 
band around 20º. This result showed that the coating of Fe3O4NPs with chitosan and 
alginate did not change the crystalline structure of Fe3O4, thus did not change the spinel 
structure of Fe3O4 [38–40]. The crystal sizes of Fe3O4-CS and Fe3O4-AT nanocomposites 
were also calculated and found to be 12.02 and 13.52 nm, respectively, from the same 
equation, using the peak observed at 2θ = 35.47º, which has the maximum intensity in the 
diffraction pattern of these nanoparticles. In this case, the chitosan coating thickness on 
the surface was 1 nm and the alginate coating thickness was 1.5 nm. 

Figure 2. FTIR spectrum of a) Fe3O4NPs, CS, Fe3O4-CS b) Fe3O4NPs, AT, Fe3O4-AT and XRD pattern of c) 
Fe3O4NPs, Fe3O4-CS and Fe3O4-AT d) only CS [27] and AT [28]. .
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D311 ¼
kλ

β cos θð Þ
(1) 

where, D is crystallite size, k (0.891) is Debye-Scherrer’s constant, λ (1.5406 Ao) stands for 
X-ray wavelength, β indicates the full width at half maximum intensity (FWHM) of the XRD 
peaks and θ is the difraction angle (2θ).

The shape and size of the Fe3O4NPs were additionally characterised by TEM and 
SEM-EDX analysis (Figure 3). The SEM images show individualistic Fe3O4NPs besides 
a series of aggregates. The map data of elemental mapping confirmed the presence 
of Fe and O and is consistent with the SEM images (Figure 3(c)). The EDX spectra of 
Fe3O4NPs reveal that there are both Fe and O atoms in its structure (Figure 3(c)). TEM 
images (Figure 3(b)) obviously show that the nanoparticles are nearly spherical in 
shape. Figure 3(b) also indicates the size distribution histogram of the particles and 
while the sizes of the nanoparticles vary among 5 nm and 42 nm, the mean size of 
the particles is found to be 11.02 ± 0.15 nm. As seen, there is a good agreement with 
the particle sizes calculated by the Scherrer equation in the XRD pattern shown in 
Figure 2(c).

Figure 3. A) SEM images of Fe3O4NPs b) TEM, HR-TEM images and histograms of Fe3O4NPs c) 
Elemental mapping and EDX analysis of Fe3O4NPs.
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3.2. Adsorption performances of MO onto magnetic adsorbent

The adsorption of 25 ppm of 50 mL MO on 50 mg of Fe3O4NPs, Fe3O4-CS and Fe3O4-AT 
magnetic nanoparticles at room temperature was separately investigated, and the results 
are given in Figure 4.

Optimisation studies were carried out with Fe3O4-CS, which showed the highest 
adsorption capacity in the shortest time. In addition, as described in the section 2.3.2, 
the adsorption effects of Fe3O4-CS beads stored in pure water at 4°C and dried in an oven 
at 50°C were also compared and it was seen that the one stored in water gave better 
results and in all further studies, those stored in pure water were used.

The amount of adsorbed dye, Qe (mg/g), is calculated by Equation 2 

Qe ¼
C0 � Ceð ÞV

W
(2) 

where C0 and Ce are the initial and equilibrium concentrations (mg/L), respectively, V is 
the volume of dye solution (L), and W is the weight (g) of Fe3O4-CS adsorbent.

The FT-IR spectra of Fe3O4-CS for before and after adsorption of MO are comparatively 
given in Figure 5. The absorption bond seen at 3500 cm−1 of the O-H group in the Fe3O4- 
CS is shifted to lower wavenumber and narrowed after adsorption of MO. As seen in 
Figure 5, the peaks of – COO stretching within 1500–1600 cm−1 were disappeared after 
the MO dye is bound to the Fe3O4-CS surface [41]. 

3.2.1. Effect of initial dye concentration
The effect of the initial dye concentration on the adsorption amount and dye removal 
efficiency was investigated by changing the MO concentration in the range of 25–200 mg/ 
L, and the results are given in Figure 6. As the initial concentration increased, the 
adsorption capacity increased, but the percentage of dye removal decreased. Higher 
removal efficiency at low MO concentration is associated with an increase in concentra-
tion gradient and analyte diffusion rate as a result of the availability of adsorbent sites 

Figure 4. Comparative MO adsorption of Fe3O4NPs, Fe3O4-CS and Fe3O4-AT (initial dye concentration: 
25 mg/L, adsorbent dosage: 50 mg/50 mL, T = 298 K).
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where dye ions can be adsorbed [42]. In addition, the presence of intraparticle diffusion at 
high dye concentrations causes the sorption to be slower [22]. Therefore, the subsequent 
experiments were carried out at a concentration of 50 mg/L, which gave better results in 
both adsorption amount and dye removal.

3.2.2. Effect of contact time
The variation of the amount of MO adsorbed on Fe3O4-CS beads at 2, 4, 6, 8, 10, 20, 30, 40, 
50 and 60 min over time is given in Figure 7(a). The amount of MO adsorbed on Fe3O4-CS 
beads is increased among 0–30 min and did not change much after 30 min. Therefore, it 
can be said that the adsorption reaches equilibrium in 30 min. Therefore, all subsequent 

Figure 5. FTIR spectra of Fe3O4-CS for before and after adsorption of MO.

Figure 6. Effect of initial dye concentration on the removal of MO dye by Fe3O4-CS.
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experiments were carried out during this period and measurements were taken at the end 
of this period.

3.2.3. Effect of initial pH
The effect of pH for MO adsorption on Fe3O4-CS beads was investigated at pH 3, 5, 8 and 
10 and the variation of qe values with pH is given in Figure 7(b). It was observed that the 
adsorption decreased with increasing pH. With the increase in pH, repulsive forces 
between – OH ions in the solution and – OH groups on the surface of iron oxide 
nanoparticles become effective and cause a decrease in MO adsorption on Fe3O4-CS. 
Fe3O4-CS beads showed maximum adsorption capacity at pH 3. In addition, as seen in 
Figure 7(c), pHpzc values of all adsorbents are above 3. At pH below the pHpzc value, 
higher hydrogen ion concentration, the negative charges at the surface of internal pores 
are neutralised and some more new adsorption sites were developed because the surface 
provided a positive charge for anionic MO dye to get adsorbed. A similar type of 
behaviour is also reported for the adsorption of the dye at different adsorbents [43–47].

3.2.4. Effect of adsorbent dose
The effect of the amount of adsorbent for the MO adsorption on Fe3O4-CS beads was 
investigated, and the variation of qe values with the amount of adsorbent is given in 

Figure 7. Effect of a) contact time, b) initial pH, c) point zero charge pHpzc, d) adsorbent dose, e) 
temperature and f) electrolyte concentration on the removal of MO dye by Fe3O4-CS.
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Figure 7(d). It was observed that the adsorption increased with the increase in the amount 
of adsorbent, but the amount of increase was in a decreasing acceleration over time. It is 
thought that this is due to the increase in the number of suitable areas where the dyestuff 
will be adsorbed as a result of the increase in the bonding points on the surface of the 
adsorbent, but at higher adsorbent doses, the surface area of the substance will decrease 
due to a possible aggregation. Maximum adsorption for MO was obtained by using 150  
mg Fe3O4-CS adsorbent.

3.2.5. Effect of temperature
The effect of temperature for the MO adsorption on Fe3O4-CS beads was investigated at 
298, 313 and 328 K, and the variation of qe values with temperature is given in Figure 7(e). 
It was observed that the adsorption decreased with increasing temperature. This suggests 
that adsorption is controlled by an exothermic process.

3.2.6. Effect of supporting electrolyte (NaCl) concentration
In order to investigate the effect of ionic strength on adsorption capacity, solutions contain-
ing NaCl salt adjusted in different concentration ranges were prepared and the results are 
given in Figure 7(f). The increase in the amount of dye adsorbed with the increase of salt 
concentration can be explained by the decrease in the thickness of the electrical double 
layer due to the increase in the total number of ions in the adsorption medium, and thus the 
increase in the adsorption efficiency of the dyestuff anions [48]. 

3.3. Adsorption isotherms

In the study of dye adsorption, the three most commonly used adsorption isotherms are 
Langmuir, Freundlich and Temkin adsorption isotherms. According to the Langmuir 
isotherm, adsorption takes place in uniform energy regions on the adsorbent surface 
and does not go beyond the monolayer coating [49,50]. The Freundlich isotherm is an 
empirical equilibrium equation based on adsorption on a heterogeneous surface [5]. The 
Temkin isotherm reflects the indirect interactions between the adsorbent–adsorbate 
during the adsorption process and concludes that the heat of adsorption of all molecules 
in the layer decreases linearly due to these interactions. The graphs drawn according to 
the Langmuir (Equation 3), Freundlich (Equation 4) and Temkin (Equation 5) isotherms are 
given in Figure 8 based on the removal of MO from the aqueous medium with magnetic 
Fe3O4-CS beads. The parameters calculated from these graphs are also given in Table 1.

Qe ¼
QmKLCe

1þ KLCe
(3) 

Qe ¼ KFCe
n (4) 

Qe ¼ BlnðKT CeÞ (5) 

where Ce is the equilibrium concentration of the adsorbate (mg/L), KL the Langmuir 
adsorption constant (L/mg), Qe is the amount of adsorbate adsorbed per unit mass of 
adsorbent (mg/g) and Qm is the theoretical maximum adsorption capacity (mg/g). n and 
KF (L/mg) are Freundlich constants. KF is defined as an adsorption or distribution 
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coefficient representing the amount of adsorbate adsorbed on an adsorbent for a unit 
equilibrium concentration while n gives an indication of how favourable the adsorption 
process. The slope of 1/n ranging between 0 and 1 is a measure of adsorption intensity or 
surface heterogeneity, becoming more heterogeneous as its value gets closer to zero [51]. 
B (J/mol) is the Temkin constant related to the heat of adsorption, and KT (L/mg) is the 
equilibrium-binding constant. A negative value of B indicates the adsorption process is 
endothermic, and a positive value of B represents the process is exothermic [52].

The R2 value of the line drawn according to the Langmuir model for MO adsorption 
on Fe3O4-CS beads at 298 K is closer to 1,000 than the R2 value obtained according to 
the Freundlich model (Table 1). Therefore, it can be said that MO adsorption of Fe3O4- 
CS nanocomposite is more suitable for Langmuir model. Also, the values of n < 1 
indicate that the adsorption process is not suitable for multilayer adsorption. The values 
of B > 0 for all temperatures and can be concluded that the adsorption process is 
exothermic.

Figure 8. Adsorption isotherm of MO onto the Fe3O4-CS adsorbent at different solution temperatures 
(adsorption conditions: 0.1g/100ml Fe3O4-CS, initial MO concentration 2.5–200 mg/L, pH= 3 and 60 
min).

Table 1. Modelling the experimental data of MO adsorption onto the Fe3O4-CS adsorbent with the 
corresponding parameters of the isotherm models.

Model Parameters Unit Solution Temperature

298 K 313 K 328 K
Langmuir Qm mg/g 132 115 103

KL L/mg 0.058 0.049 0.047
R2 _ 0.9998 0.9913 0.9874

Freundlich KF (mg/g)*(mg/L)n 4.125 4.018 4.107
n _ 0.24 0.26 0.22
R2 _ 0.9214 0.8976 0.9091

Temkin B J/mol 201 195 187
KT L/mg 1.052 1.039 1.027
R2 _ 0.9596 0.9658 0.9579
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3.4. Adsorption kinetics

In order to examine the adsorption kinetics of MO on Fe3O4-CS beads, non-linear form 
equations of pseudo-first order (PFO) (Equation 6), pseudo-second order (PSO) 
(Equation 7) and intra particle diffusion (IPD) kinetic models (Equation 8) were applied. 

Qt ¼ Qe 1 � e� k1t� �
(6) 

Qt ¼
Qe

2k2t
1þ Qek2t

(7) 

Qt ¼ kidt1=2 þ C (8) 

The notations Qe and Qt express the amount of MO dye adsorbed on Fe3O4-CS at 
equilibrium and a specific time t, while1, k2 and kid are the pseudo-first, pseudo-second 
order and intra particle diffusion rate constant, respectively. C is the constant with respect 
to the boundary layer thickness. The kinetics curves at two initial concentrations of MO 
adsorption by Fe3O4-CS are shown in Figure 9. The corresponding parameters and the 
correlation coefficients (R2) of the three models are given in Table 2.

Figure 9. Effect of contact time on the adsorption process of MO onto the Fe3O4-CS adsorbent at 
different initial MO concentrations (adsorption conditions: 0.1g/100ml Fe3O4-CS, pH= 3, 298 K).

Table 2. Modelling the experimental data of MO adsorption onto the Fe3O4-CS adsorbent 
with the corresponding parameters of the isotherm models.

Model Parameters Unit Initial MO concentration

25 mg/L 50 mg/L
PFO Qe mg/g 21 40

k1 min−1 0.0049 0.0054
R2 _ 0.9368 0.9471

PSO Qe mg/g 23 47
k2 g/(mg*min) 0.00053 0.00016
R2 _ 0.9992 0.9996

IPD C mg/g 7.19 8.75
kid (mg/g)*min1/2 2.571 3.226
R2 _ 0.8651 0.8876
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According to these data, the closest correlation value to 1 is corresponding to pseudo- 
second order kinetics. Therefore, the Fe3O4-CS nanocomposite is more suitable for 
pseudo-second order kinetics.

3.5. Adsorption thermodynamics

The enthalpy change, entropy change, free energy change and equilibrium constant 
during adsorption are determined at three different temperatures (298 K, 313 K and 328 
K) and the adsorption phenomenon is investigated thermodynamically [53]. The standard 
free energy of adsorption ΔGº, its standard entropy ΔSº, and its standard enthalpy ΔHº are 
calculated from the van’t Hoff equation [Equation 9–11] shown in Table 3 using the 
thermodynamic equilibrium constant (KC, dimensionless) values obtained at various 
temperatures based on the Langmuir constant (KL). To overcome the unit problem, all 
concentrations were changed to molar form based on the standard state C° = 1 mol/L and 
the KC values (unitless) were calculated by using Equation 12 [24]. 

ΔG0 ¼ � RT ln KC (9) 

lnKC ¼
� ΔH0

R

� �
1
T
þ

ΔS0

R
(10) 

ΔG� ¼ ΔH� � TΔS� (11) 

KC � KL�MMO� C� � 103� �
(12) 

where R is the ideal gas constant (R = 8.314 J/molK), KC represents the equilibrium 
constant (dimensionless), T is the absolute temperature (K), KL (L/mg) is the Langmuir 
constant; MMO (g/mol) is the methyl orange molar mass; and C° is the standard state (C° =  
1 mol/L); the 103 factor allows converting the unit from gram to milligram.

The negative ΔG° value of MO adsorption on Fe3O4-CS beads indicated that the 
adsorption occurred spontaneously between 298K and 328K, and the negative ΔH° 
value indicated that the adsorption was exothermic. In addition, it is seen in Figure 7(e) 
that the Qe values decreased as the temperature increased. The size of the adsorption 
enthalpy gives information about the type of adsorption. A positive ΔS° value indicates 
that the disorder increases during adsorption. The reason for the increase in disorder can 
be attributed to the removal of water molecules from the adsorbent during the adsorp-
tion of the dyestuff onto the adsorbent surface surrounded by a hydrated shell, thus 
increasing entropy [53].

Table 3. Thermodynamic parameters of the adsorption of MO by Fe3O4-CS adsorbent.
ΔG0 (kJ mol−1) Van’t Hoff Equation ΔH0 (kJ mol−1) ΔS0 (J mol−1 K−1)

298 K 313 K 328 K y= 1425.31x + 4.97 −11.85 41.31
−24.16 −24.78 −25.39 R2 = 0.9419
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3.6. Catalytic activity in the CWPO of MO

The degradation of CWPO catalysed by 100 mg Fe3O4NPs, Fe3O4-CS and Fe3O4-AT 
magnetic nanoparticles of 25 ppm 100 mL MO at pH = 5 at room temperature was 
investigated, and the results are given in Figure 10. Optimisation studies were 
carried out with Fe3O4-CS, which provides the highest dye removal in the shortest 
time, and the oxidation reaction kinetics were investigated. When the results 
performed with Fe3O4-CS catalysis at pH = 3, 5, 8 and 10 are investigated at 
Figure 11(c), it is seen that the best result is obtained at pH = 3 and the colour 
removal efficiency decreases with increasing basicity. The reason for this is that the 
oxidation potential of ·OH decreases in the increasing pH [54,55]. In the CWPO 
experiments conducted at 25°C, 40°C, 55°C and 70°C, the dye removal efficiency 
was the best achieved at 25°C (Figure 11(d)). From the obtained results, the 
reaction is considered to be exothermic. In order to understand the effect of H2 

O2 concentration on colour removal efficiency, 20%, 30%, 40% and 50% (v/v) of H2 

O2 solutions were used. It was determined that with the increase of hydrogen 
peroxide concentration, the decomposition reaction of H2O2 to radicals acceler-
ated, and the decomposition of MO increased up to a point and then tended to 
remain constant (Figure 11(a)). This is because at high concentrations, hydrogen 
peroxide prevents the formation of hydroxyl radicals, causing the reduction of 
these radicals [54,56]. In order to examine the effect of the amount of catalyst, 
experiments were carried out by adding 50, 100, 150 and 250 mg/L of magnetic 
Fe3O4-CS nanocomposite. As can be seen in Figure 11(b), the colour removal 
efficiency increases with the increase in the amount of catalyst. With the increase 
in the amount of catalyst, the number of active centres required for oxidation 
increases, which increases the colour removal efficiency [57,58]. 

The kinetic studies are very important in catalytic reactions and help to define 
reaction mechanism and rate in limiting reaction systems. The kinetic studies were 
carried out at room temperature with 0.05 g Fe3O4-CS catalyst and 30% H2O2 

concentration at pH 3. According to the pseudo-first order kinetic model, ln 

Figure 10. Comparison of the catalytic activity Fe3O4NPs, Fe3O4-CS and Fe3O4-AT for MO in the CWPO 
(initial dye concentration: 25 mg/L, catalyst dosage= 100mg, pH=5, T = 298 K).
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C values against t were plotted and the k1 rate constant was determined from the 
slope. The graph drawn for the pseudo-first order kinetic model is given in Figure 
11(c). According to the pseudo-second-order kinetic model, t versus 1/C values 
were plotted, and the k2 rate constant was determined from the slope. The graph 
obtained for the pseudo-second order kinetic model is given in Figure 11(d). The 
rate constants and R2 values calculated for pseudo-first-order and pseudo-second- 
order kinetic models are given in Table 4.

When R2 values of the two kinetic models are compared, it is seen that the 
reaction kinetics with a higher R2 value is compatible with the pseudo-first order 
kinetic model. From Equation 13, activation energy (Ea) and Arrhenius constant (A) 
were calculated and found to be 10.72 kJ/mol and 0.40 min−1, respectively. 

k ¼ Ae� Ea=RT (13) 

Figure 11. Effect of a) H2O2 concentration, b) catalyst dose, c) pH, d) temperature and e) pseudo-first- 
order, f) pseudo-second-order kinetic models for CWPO of MO on Fe3O4-CS.

Table 4. Pseudo-first-order and pseudo-second-order model con-
stants for the CWPO of MO by Fe3O4-CS catalyst.

Pseudo-first-order Pseudo-second-order

k1 (min−1) R2 k2 (g L−1 min−1) R2

0.0049 0.9987 162.92 0.9294
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In principle, it can be said that the decompositions of dyes by oxidation are based 
on the principle of producing OH· radicals. H2O2 adsorbed by the metal nanopar-
ticle takes electrons from the metal nanoparticle and forms OH· radicals as a result 
of OH- ion oxidation. These radicals adsorbed by the nanoparticle react with the 
dye on the surface and cause the dyes to decompose. In other words, the OH· 
radical oxidises the dye and converts it to CO2 and H2O. The rate of catalytic 
oxidation depends on both adsorptions of H2O2 on the nanoparticle surface and 
electron transfer from the nanoparticle. It can be said that nanoparticles effectively 
weaken the O–O bond, providing an advantage for H2O2 adsorption and increasing 
the electron transport rate. In the literature, it has been explained that the 
possible oxidation reaction mechanism of MO occurs in the presence of hydroxyl 
(HO•) and hydroperoxyl (HOO•) radicals formed from H2O2 [59].

It is important that the heterogeneous catalyst can be used repeatedly in catalytic 
wet peroxide oxidation systems. Mechanisms such as sintering of metals on the 
catalyst, dissolution of active components, poisoning of active centres with reagents 
or by-products, metal oxidation, inactive metal or metal oxide accumulation can 
cause reductions in the reaction rates and active surface areas of the catalysts. In 
addition to these, all reaction conditions such as pH, reagents, intermediates and end 
products play an important role in reducing the activity and selectivity of the 
catalyst. In order to examine the reusability of the catalyst, the magnetic Fe3O4-CS 
catalyst, which was separated from the solution with a magnet at the end of the 
experiment, was used again and this process was repeated for three cycles. When the 
results are examined, it is seen that there is a slight decrease in the removal 
efficiencies in the 3rd cycle and the stable and active structure of the catalyst is 
preserved to the desired extent (Dye removal efficiency was observed as 99% in the 
1st and 2nd cycle and 97% in the 3rd cycle).

The adsorption capacities of the Fe3O4-CS nanoadsorbent are synthesised in this study 
and the different adsorbents in the literature for the degradation of different dyes are 
given in Table 5.

Table 5. A comparison of the adsorptive capacity of the prepared sorbent with those announced in 
the literature.

Dye Adsorbent Operating Conditions Qm (mg/g) Reference

MO Chitosan/diatomite composite dosage: 200mg/L, contact time: 40 min, 
25◦C, pH 5

35 [60]

MO Banana peel 
Orange peel

dosage: 100 mg/L, contact time: 24 h, 
30◦C, 180 rpm, pH 6–7

21 
20.5

[61]

MO Chitosan/organic rectorite-Fe3O4 dosage: 40 mg/L contact time: 80 min, 
25◦C, 200 rpm, pH 3

5.56 [62]

MO Polypyrrole/chitosan dosage: 100 mg/L contact time: 40 min, 
25◦C, 200 rpm, pH 4.5

95 [63]

MB Banana peel dosage: 100 mg/L, contact time: 24 h, 
30◦C, 180 rpm, pH 6–7

20.8 [61]

CR Orange peel dosage: 100 mg/L, contact time: 24 h, 
30◦C, 180 rpm, pH 6–7

14 [61]

MO Fe3O4NPs dosage: 0.1g/100mL contact time:60 min, 
25◦C, 250 rpm, pH 3

132 Present Study
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4. Conclusion

Magnetic nanoparticles and nanocomposites (Fe3O4NPs, Fe3O4-CS and Fe3O4-AT) were 
synthesised using endemic plant extract with an economical, environmentally friendly 
and economically green method. Characterisations of synthesised magnetic nanoparticles 
(MNPs) were performed. Furthermore, their use as adsorbent and catalyst in the removal 
of MO dye from wastewater was investigated. Optimum conditions were determined for 
dye removal with the highest efficiency in the shortest time. In addition, kinetic, isotherm 
and thermodynamic studies were carried out. While the dye removal was successfully 
performed with Fe3O4NPs, Fe3O4-CS and Fe3O4-AT in both CWPO and adsorption studies, 
the highest removal efficiency in the shortest time was obtained with Fe3O4-CS. Ninety- 
nine per cent of MO removal efficiency was achieved with Fe3O4-CS at 8 min and 20 min 
for adsorption and CWPO technique, respectively.
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